Bacteriophages induced by mitomycin treatment of Erwinia chrysanthemi KS612 produced plaques on lawns of E. chrysanthemi EC183 and KS605. Bacteriophage Erch-12, purified from one such plaque, transferred an array of chromosomal genes (arg, leu, his, ser, thr, trp, ura) to appropriate recipient strains derived from E. chrysanthemi EC183. Recombinants were formed in the absence of cellular contact between donor and recipient bacteria and in the presence of deoxyribonuclease. Ultraviolet irradiation of the bacteriophage stimulated transductional frequency. Linkage was detected in two-factor crosses between the loci thr and ser and between rif and ade; several closely linked mutations in ser were mapped with respect to thr.
These bacteria produce a battery of extracellular degradative enzymes such as pectinases, proteases, lipases, and cellulases (5, 32) , some or all of which are believed to cause tissue maceration and death of plant cells. Recent biochemical (4, 17, 33) and genetic (12) investigations with E. chrysanthemi have revealed an essential role of one of the pectolytic enzymes, polygalacturonic acid trans-eliminase, in tissue maceration and cell death.
In investigating the genetics of polygalacturonic acid trans-eliminase production and the catabolism of polygalacturonic acid by E. chrysanthemi, we recognized the need for fine structure mapping of genes that control these processes. In other bacterial systems, such as Escherichia coli (3), Pseudomonas aeruginosa (35) , Salmonella typhimurium (31) , and Bacillus subtilis (20) , transduction has proven highly effective in mapping closely linked gene loci. Recently, generalized transducing systems have been developed in several bacterial groups such as Acinetobacter (21) , Caulobacter crescentus (16) , Klebsiella pneumoniae (18) , Myxococcus xanthus (8) , and Rhizobium leguminosarum (7) . Although both virulent and temperate bacteriophages are known to infect various phytopathogenic bacteria (28, 32, 34) , none has thus far been shown to possess transducing ability. In this report we document that a temperate bacteriophage originating in E. chrysanthemi can mediate generalized transduction in a strain of this bacterial species and that this transducing system can be used to order linked gene loci.
MATERIALS AND METHODS Bacteria and bacteriophage. The E. chrysanthemi strains used in this study are listed in Table 1 . An E. coli strain harboring the R plasmid R68.45 was used to construct conjugational donor strains in E. chrysanthemi (10) . Mutant strains were derived by ethyl methane sulfonate (EMS) or N-methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis according to previously published procedures (11, 12) . Auxotrophic mutants were enriched by ampicillin treatment (26) . Rifampin (Sigma Chemical Co., St. Louis, Mo.)-resistant mutants (Rifr) that were simultaneously auxotrophic were isolated by treating the wild-type strain EC183 with NTG. After mutagenesis and allowing for the phenotypic expression, Rif r clones were selected on L-agar containing rifampin (50 ,ug/ml). Drug-resistant clones were then tested for auxotrophy by patching on minimal agar. The nutritional requirements of auxotrophic Rif r clones were determined by the protocol of Roth (30) . Bacterial cultures were maintained on yeast-glucose-CaCO3 (YGC; 10) agar slants at 4°C and were transferred at 3-week intervals. The bacteriophage Erch-12, induced by mitomycin treatment of E. chrysanthemi KS612 (Dickey strain 98), was used throughout this study.
Media. L-medium, YGC agar, and minimal medium were prepared as described previously (10) . TN-medium consisted of 10 g of tryptone per liter and 8 g of NaCl per liter (pH 7.2). When required, minimal medium was supplemented with amino acids, purines, and pyrimidines (50 itg/ml). An alternate carbon source (L-arabinose), which replaced glucose in the minimal medium, was added to yield a final concentration of 1 mg/ml. Bacteriophage buffer consisted of 10 mM MgCl2 in 10 mM Tris-hydrochloride (pH 7.0).
Mitomycin treatment. Bacterial cultures were grown in L-broth (10 ml contained in a 300-ml-capacity Klett flask) at 30°C on a water bath shaker. Growth of cultures was estimated turbidimetrically by using a Chatterjee (10) .
Klett-Summerson colori.meter (red filter no. 66). At early to mid-exponential phase of growth, 10lg of mitomycin (Sigma) per ml was added. Another culture, which served as a control, received an equal volume of sterile water. Incubation in the dark was continued as before, and culture turbidity was recorded at desired intervals. After 20 to 24 h of incubation, cells were removed by centrifugation (12,000 x g, 10 min, 4°C); the supernatant was treated with CHC13 and assayed for plaque-forming units (PFU). Preparation and assay of bacteriophage lysate. Bacteriophage particles in a single plaque were picked and resuspended in 1 ml of L-(or TN-) broth. A sample of this suspension (0.2 ml) was mixed with 0.2 ml of a culture (ca. 109 cells/ml) of the host and assayed by the standard double-layer technique (1). After overnight incubation (usually 16 h), the plaques that appeared were washed off the plate. A small volume (2 to 3 ml) of L-(or TN-) broth was poured on the soft agar, and the top layer was teased with a pipette tip. The plates were then stored at 4°C for 4 to 6 h. The fluid was collected subsequently, and bacterial cells and debris were removed by centrifugation (12,000 x g, 15 min, 40C). The supernatant was treated with CHC13 and stored at 4°C. Bacteriophage present in this sample were used for the second cycle of enrichment on agar plates. A titer of 5 x 10'0 PFU/ml was usually obtained after three cycles of enrichment.
Bacteriophage adsorption. Equal volumes of the bacteriophage lysate (ca. 5 x 109 PFU/ml) and exponential bacterial culture (ca. 109 cells per ml) were mixed and then incubated at 30°C. Samples (0.05 ml) of the mixture were diluted in 5.0 ml in TN-broth. The cells with the adsorbed bacteriophage were removed by centrifugation (12,000 x g for 5 min at 4°C). The PFU remaining in the supernatant were assayed as above.
UV irradiation. Stock bacteriophage lysate (titer about 5 x 10'0 PFU/ml) in TN-broth was diluted 10- fold in bacteriophage buffer. A sample (usually 15 ml) of the diluted suspension contained in a glass petri dish (100-mm diameter) was exposed to short wave (254 nm) UV rays emitted by a 15-W General Electric germicidal lamp. The contents were stirred while being exposed to the UV rays. The light source was kept at 28 cm from the surface of the liquid, which corresponded to a UV dosage of 40 ergs/mm2 per s.
Transduction. An equal volume of bacteriophage preparation (in bacteriophage buffer, UV-irradiated or nonirradiated) and exponentially growing bacterial cells were mixed at a multiplicity of infection of 1 to 10 (unless stated otherwise). Bacterial cells treated without the bacteriophage but otherwise similarly were the control. All samples were incubated at 30°C Table 3 also reveal a stimulatory effect of UV irradiation on the frequency of transfer of ilv+, leu+, thr+, and ura+. The UV effect has been attributed to enhanced recombination (6) or to the inactivation of the killing effects of the virulent bacteriophages (7, 16) . The data presented for E. chrysanthemi do not yet allow us to discount either possibility.
To rule out the possibility that the gene transfer might have been due to transformation or transfection, we preincubated the bacteriophage lysate with DNase and then tested it for plaqueforming ability and transductional activity (Table 3). The frequencies of recombinants of various markers were found to be comparable in the presence or absence of DNase. Moreover, as expected, DNase had no adverse effect on the plaque-forming ability of either irradiated or unirradiated bacteriophage preparations.
Transductants for various markers were tested for lysogeny and the inheritance of unselected markers. Arg+, Leu+, Ser+, and Trp+ recombinants were purified by three cycles of single-clone isolations on appropriate selective media and tested for susceptibility to Erch-12. Some recombinants were susceptible to the bacteriophage; others were resistant. Two bacteriophage-resistant clones for each recombinant class were grown in the presence or absence of (19, 25) . Of the various pairs of markers (rif-ade; rif-leu; rif-met) tested, linkage was detected between rif-ade, but not between rif and other markers. The frequency of coinheritance of the markers (rifand ade) in recombinants from transductional crosses ranged from 3 to 5%. In recombinants from R68.45-mediated conjugational crosses, the coinheritance value was much higher ( Table 4 ). The differences probably could be attributed to the sizes of genomic fragments transferred by these two processes. thr and leu were not linked in'transductional crosses (see above), but are known to be linked in recombinants derived from both Hfr-and R68.45-mediated crosses in a related strain of E. chrysanthemi (10, 12) . (Table 1) . Ade+ clones were selected on minimal medium and patched on minimal medium containing rifampin (50 tg/ml).
(ii) Linkage between ser and thr. We further tested contransfer of markers known to be closely linked on chromosomes of other enterobacteria such as E. coli and S. typhimurium, and we attempted to order independent mutations in these gene loci by two factor crosses. The gene loci, serB and thrABC, are located within 0.5 map units on both E. coli and S. typhimurium chromosomes (3, 31) . We (9, 10, 12) have some evidence for a homology in gene order on chromosomes ofE. chrysanthemi and these nonphytopathogenic enterobacteria; so it was reasonable to assume that these markers also were closely linked on E. chrysanthemi chromosome. The data from reciprocal crosses reveal that ser-1, ser-2, and ser-3 were linked to thr-1, thr-2, and thr-3 (Fig. 1) . Based on the mean values of the percentage of coinheritance in reciprocal crosses, the tentative order of these gene loci ( Fig. 1) was indicated.
It is noteworthy that the pairs of markers (thr-ser; rif-ade) are also linked on E. coli and S. typhimurium chromosomes (3, 31) . That Table 1 ).
santhemi chromosome (9, 10, 12) , suggests an overall similarity in gene order on the chromosomes of this phytopathogenic bacterial species and other enterobacteria. The generalized transducing system used in conjunction with conjugational systems (10, 12, 23) should allow a critical assessment of the extent of genetic homology between these enterobacteria and elucidation of the organization of genes that specify phytopathogenicity in E. chrysanthemi.
